Cubic stabilized zirconia bicrystals with [110] symmetric tilt grain boundaries were fabricated by diffusion bonding of two single crystals with the composition of ZrO 2 -9.6mol%Y 2 O 3 . The structures of symmetric tilt small angle grain boundary and two types of symmetric tilt 53 grain boundaries with different grain boundary planes were observed by transmission electron microscopy (TEM). High-resolution transmission electron microscopy (HREM) observations clarified that the [110] small angle tilt grain boundary consists of periodic array of b = [1 0] type edge dislocations. This result is consistent with Frank's dislocation model for small angle grain boundary. HREM observation also revealed that the 70.5° 53 grain boundary shows atomically coherent grain boundary structure with the boundary plane of {111}, while the 109.5° 53 grain boundary accompanies grain boundary facets taking {111} / {115} asymmetric grain boundary plane. Because of the very low surface energy of {111} plane and/or high lattice matching of {111} and {115} type planes, the grain boundary faceting may be preferred in spite of increasing grain boundary area to about 6%. TEMenergy-dispersive X-ray spectroscopy (EDS) analyses were performed on both 53 grain boundaries, and the segregation of yttrium ions to the boundaries was detected in both cases. The amount of segregation is about the same in both 53 boundaries. It can be concluded that the segregation of yttrium ions to 53 grain boundary exists in cubic zirconia.
Introduction
It has been pointed out that some macroscopic properties of zirconia ceramics, such as mechanical and electrical properties, are closely related to their microstructures and interface structures [1] [2] [3] . It is, thus, important to understand the interface structures in order to obtain guidelines for designing materials with high properties. Since zirconia ceramics are usually used in the polycrystalline form, grain boundaries are one of the most important interfaces for determining such macroscopic properties. However, there is still uncertainty as to what features of the grain boundary in zirconia ceramics dominate the material properties as a whole. In general, zirconia is used in a multicomponent form (i.e. doped with stabilizing oxides such as Y 2 O 3 , MgO, CeO 2 , etc.) to stabilize the high temperature cubic and/or tetragonal phase at room temperature. Therefore, the effect of grain boundary segregation, as well as grain boundary structure, chemical bonding state, etc., must be taken into account. Although many experimental studies have been reported previously for grain boundary segregation in zirconia ceramics, most of them were undertaken on the fracture surfaces of intergranular fractured materials [4] [5] [6] , which will average out each grain boundary character. In the case of metals, it has been widely accepted that the segregation behaviour changes according to the grain boundary characters [7] . Systematic study of grain boundary segregation is thus needed in order to fully understand the segregation behaviour in zirconia ceramics.
Fundamental studies using bicrystals have an advantage for such purpose because we can arbitrarily control the grain boundary character. In this study, three kinds of bicrystals
with [110] symmetric tilt grain boundaries are fabricated, and they are experimentally characterized using high-resolution transmission electron microscopy (HREM) and transmission electron microscope-energy-dispersive X-ray spectroscopy (TEM-EDS).
Methods
Commercially available high purity ZrO 2 -9.6mol%Y 2 O 3 single crystals (Dowa Mining Co., Ltd) were used for preparing bicrystals. In order to fabricate [110] symmetric tilt grain boundaries, these single crystals were cut precisely and polished to have the orientation relationship as listed in Table 1 . The angle, 2G, represents the misorientation angle between [001] directions of each grain. In this study, 5.0° small angle grain boundary and two types of 53 grain boundaries with different grain boundary planes were selected for fabrication. Bicrystal samples were obtained by joining two single crystals by means of diffusion bonding in air at 1600°C for 15 h.
As-bonded bicrystals were mechanically polished and thinned by ion milling to obtain the specimens for TEM observations. HREM observations were carried out using a Hitachi H-9000NAR, operated at 300 kV. Microchemical analyses were performed using a Topcon EM-002BF (field emission type) equipped with Noran Voyager EDS system, operated at 200 kV.
Results and discussion , and the grain boundary is set to be edge-on condition. The arrow in this figure indicates the position of the grain boundary. Since no voids or secondary phases could be observed along the grain boundary, it can be said that two grains are well bonded at the atomic level in this sample. This is also the case in the two types of 53 grain boundaries that are discussed later.
In the HREM image, periodic contrasts can be seen along the grain boundary. It is clear that these contrasts come from the array of edge dislocations, and the grain boundary consists of discrete edge dislocations separated by nearly perfect crystals. The distance between these dislocations is estimated to be about 4.3 nm from the image. By drawing a Burgers circuit around these dislocations in the HREM image, the Burgers vector of these dislocations can be determined to be b = [1 0] . a is the lattice constant of the cubic zirconia. Applying these estimated values of Burgers vector and the distance between each dislocations to Frank's equation [8] , the misorientation angle, 2G, is calculated to be about 4.8°, which is in good agreement with the expected value, regarding possible errors. Also, this Burgers vector may be favourable in this material because the easy slip system of cubic zirconia is reported to be {001}<110> [9] . Thus, the [110] symmetric tilt small angle grain boundary can be described by the periodic array of b = [1 0] type edge dislocations. Figure 2 shows HREM image of 2G = 70.5° 53 grain boundary. The HREM image revealed that the grain boundary plane is parallel to {111} plane of both grains, and the grain boundary has an atomically coherent structure. However, this image was taken from a very small area of the whole grain boundary. It is noticed from the lower magnification TEM observation that there are periodical strain contrasts along the boundary. This indicates that interfacial dislocations are introduced to accommodate slight deviation from the perfect 53 orientation relationship [10] . However, the structure showed in Fig. 2 seems to be essential to this 53 grain boundary since the HREM image was obtained from smaller area than one period of the strain contrasts. Figure 3 shows concentration profile of yttrium ions across the grain boundary. The normalized intensity ratio, Y K= / Zr K= , .............................................................................................................................. is plotted against the distance from the grain boundary. The analysis was made by TEM-EDS with a probe size of less than 1 nm. The errors of EDS counts are at the level of about 5%. This figure shows that yttrium ions segregate to the grain boundary. More than ten different points on the grain boundary were analysed and all of the results suggest the segregation of yttrium ions to the boundary. The solute segregation to 53{111} grain boundary may be unique to zirconia ceramics, since it was previously predicted that the 53{111} grain boundary has no tendency to be wetted by solute atoms in the case of fcc metal binary alloy, which has the same crystal structure to the cation sublattice of cubic zirconia. Figure 4 shows HREM image of the 109.5° 53 grain boundary. The incident electron beam direction is parallel to [110] . It is clear that the grain boundary is faceted from the initial grain boundary plane of {112}. Detailed observation revealed that the grain boundary plane of the faceted boundary is {111} plane of the one side grain. The faceted grain boundary is formed so that {111} plane of each grain is aligned by turns. The periodicity of the facets is estimated to be about 20 nm from the image. Figure 5 is a coincidence site lattice (CSL) plot of the 109.5°5 3 grain boundary. The solid line shows the faceted grain boundary and the dotted one shows the initial grain boundary plane of {112}. In this orientation relationship, {111} plane of one side grain is parallel to {115} plane of the other. Therefore, the faceted grain boundary plane can be indexed as {111} / {115} type plane. The {111} / {115} type grain boundary has a high density of CSL points, i.e. one third of the lattice points in the {111} plane are CSL points. It may be possible that {115} plane is highly coherent plane for {111} plane.
As for grain boundary energy, faceting seems to be unfavourable because it will expand the total grain boundary area. In the present case, {111} / {115} faceted grain boundary has about 6% larger grain boundary area than the initial {112} boundary. {111} / {115} faceting at the expense of larger grain boundary area suggests that the grain boundary energy of {111} / {115} boundary is much lower than that of {112} boundary. It has been reported that {111} type plane has extremely low surface energy compared to other low index planes and is thought to be a very stable surface plane [11] . In this study, {111} type grain boundary planes are experimentally observed in both cases of 53 grain boundary, even in the faceted form. The {111} type planes may be stable not only as a surface plane but also as a grain boundary plane in cubic zirconia. It is thus concluded that lower grain boundary energy of {111} / {115} type rather than {112} type may result from the high coherency of {115} plane for the stable {111} plane in this orientation relationship. Figure 6 shows the concentration profile of yttrium ions across the faceted grain boundary. The line scan was conducted in the direction normal to the faceted boundary plane.
It is obvious that yttrium ions segregate to the boundary. The amount of segregation is about the same value with the 70.5°5
3 grain boundary. Further TEM-EDS analysis revealed that the amount of yttrium segregation is higher around the corners of the facets than on the flat part of the boundary. This might indicate that there are additional strain fields around the corners of the facets.
It is reported that cubic zirconia has an anisotropy in elasticity, and <111> direction is the elastically soft direction [12] . If local volume fluctuation occurs in the solid solution, the strain caused by the fluctuation will be most effectively released in this direction. Since the addition of yttrium ions expands lattice constant in the ZrO 2 -Y 2 O 3 system [13] , the segregation of yttrium ions may cause local volume variation around the boundary. The grain boundary faceting to {111} plane may also be favourable in terms of grain boundary segregation in the present case. HREM observations also clarified that the 70.5° 53 grain boundary has a boundary plane of {111} with an atomically coherent structure, while the 109.5° grain boundary has a faceted feature with asymmetric {111} / {115} boundary plane in stead of initial {112} boundary plane. This result indicates that the grain boundary energy of {112} boundary is higher than that of {111} / {115} boundary. The stability of {111} / {115} grain boundary is considered to result from the high coherency between stable {111} type plane and {115} type plane. TEM-EDS analysis revealed that yttrium ions segregate to the grain boundaries in the both the 70.5° and the 109.5° 53 grain boundaries. It is noticed that the amount of segregation is about the same in both boundaries. It can be concluded that the segregation of yttrium ions to 53 grain boundary exists in cubic zirconia.
Concluding remarks

